Many texture measures have been developed and used for improving land-cover classification accuracy, but rarely has research examined the role of textures in improving the performance of aboveground biomass estimations. The relationship between texture and biomass is poorly understood. This paper used Landsat Thematic Mapper (TM) data to explore relationships between TM image textures and aboveground biomass in Rondônia, Brazilian Amazon. Eight grey level co-occurrence matrix (GLCM) based texture measures (i.e., mean, variance, homogeneity, contrast, dissimilarity, entropy, second moment, and correlation), associated with seven different window sizes (5x5, 7x7, 9x9, 11x11, 15x15, 19x19, and 25x25), and five TM bands (TM 2, 3, 4, 5, and 7) were analyzed. Pearson's correlation coefficient was used to analyze texture and biomass relationships. This research indicates that most textures are weakly correlated with successional vegetation biomass, but some textures are significantly correlated with mature forest biomass. In contrast, TM spectral signatures are significantly correlated with successional vegetation biomass, but weakly correlated with mature forest biomass. Our findings imply that textures may be critical in improving mature forest biomass estimation, but relatively less important for successional vegetation biomass estimation.
INTRODUCTION
Aboveground biomass governs the potential carbon emission that could be released to the atmosphere due to deforestation. Accurate biomass estimation is necessary to understand impacts of land-use/land-cover (LULC) change on global warming and environmental degradation. In recent years, biomass estimation has attracted scientific interest because regional changes in biomass have been associated with climate and ecosystem changes. The Large Scale BiosphereAtmosphere Experiment in Amazônia (LBA) has driven its attention to these issues contributing to the development of techniques for sustainable use of the land in the Amazon environment. The results presented in this article belong to a research project led by Indiana University and Embrapa Satellite Monitoring with the support of LBA.
The advantages of remotely sensed data over traditional field inventory methods for biomass estimation have been indicated by a number of publications (Sader et al., 1989; Roy & Ravan, 1996; Boyd et al., 1999; Nelson et al., 2000; Steininger, 2000; Lu et al., 2002a) . However, previous research has shown the difficulty of biomass estimation based purely on remotesensing spectral signatures because of the influence of increased canopy shadowing within large stands, the heterogeneity of vegetation stand structures, and spectral data saturation (Spanner et al., 1990; Roy & Ravan, 1996; Steininger, 2000) . The complexity of forest stand structure and species composition in the moist tropical regions result in highly variable standing stocks of biomass and even more variable rate of biomass accumulation following a deforestation event. This presents a challenge for biomass estimation, a challenge that must be addressed.
Texture often refers to the pattern of intensity variations in an image. Many texture measures have been developed (Haralick et al., 1973; He & Wang, 1990; Unser, 1995; Riou & Seyler, 1997) . In previous research, texture measures were mainly used for LULC classification (Franklin & Peddle, 1989; Marceau et al., 1990; Augusteijn et al., 1995; Franklin et al., 2000; ndi Nyoungui et al., 2002; Podest & Saatchi, 2002) . Of the many texture measures, the grey-level cooccurrence matrix (GLCM) may be the most common texture used for improving LULC classification (Marceau et al., 1990; Franklin et al., 2000; ndi Nyoungui et al., 2002) . However, rarely has research focused on extraction of biomass information using texture measures. 
METHODS

Study area
Rondônia has experienced intensive LULC change in the past three decades. The deforestation rates in this State range from 1.14 to 2.62% per year between 1991 and 2000, much higher than the overall deforestation rate in the Brazilian Amazon region, which ranges from 0.37 to 0.80% per year at the same period (INPE, 2002) . Following the national strategy of regional occupation and development, colonization projects initiated by the Brazilian government in the 1970s played a major role in this process (Moran, 1981) . Most colonization projects in the state were designed to settle landless migrants. The immigrants transformed the forested landscape into a mosaic of cultivated crops, pastures, and different stages of successional forests . Over the Amazon region, a significant amount of the deforested area is in some stage of secondary succession, requiring that we carefully evaluate biomass and carbon dynamics represented by their heterogeneous vegetation stands.
To evaluate the relationship between image textures and aboveground biomass estimation, we chose the settlement of Machadinho d'Oeste, located in northeastern Rondônia ( Figure  1 ). This is a newer colonization project than areas along BR-364 (Cuiabá-Porto Velho Highway). The settlement of Machadinho covers about 2,000 km 2 . Machadinho is adjacent to the borders with the States of Amazonas and Mato Grosso, which may offer potentials and constraints for future initiatives of conservation and development. The terrain is undulated, ranging from 100 to 450 m above sea level. The climate is classified as equatorial hot and humid, with tropical transition. The well-defined dry season lasts from June to August the annual average precipitation is 2,016 mm, and the annual average temperature is 25.5 º C (Rondônia, 1998) . Several soil types, including alfisols, oxisols, ultisols, and alluvial soils have been identified (Bognola & Soares, 1999) .
Field vegetation inventory and biomass estimation
Fieldwork was conducted during the dry season of 1999. Preliminary image classification and band composite printouts indicated candidate areas to be surveyed, and a flight over the areas provided visual insights about the size, condition, and accessibility of each site. The surveys were conducted in areas with relatively homogeneous ecological conditions (e.g., topography, distance from water, and land use) and uniform physiognomic characteristics. After defining the area to be surveyed (plot sample), three subplots (1 m 2 , 9 m 2 , and 100 m 2 ) were randomly selected to accurately represent the variability within the plot sample. The center of each subplot was randomly selected. Total tree height, stem height (the height of the first main branch), and diameter at breast height (DBH) were measured for all trees in the 100 m 2 area. Height and DBH were measured for all saplings in the 9 m 2 area. Ground cover estimation and counting of individuals were conducted for seedlings and herbaceous vegetation in the 1 m 2 area. Here, seedlings were defined as young trees or shrubs with a stem diameter smaller than 2 cm, saplings as young trees with a stem DBH greater than 2 cm and smaller than 10 cm, and trees as woody plants with a DBH greater than or equal to 10 cm. A detailed description of field data collection can be found in Batistella (2001) and Lu et al. (2004) .
A total of 43 sample plots were inventoried, including 29 plots for different stages of successional vegetation and 14 plots for mature forests. Table 1 summarizes sample plot distributions as well as the statistical characteristics of aboveground biomass. The vegetation ages of successional forests range from 2 to 13 years.
A database was built to integrate all vegetation data collected during fieldwork. Equation (1) was used to calculate individual tree biomass (Brown et al., 1995) and Equation (2) for individual sapling biomass (Honzák et al., 1996) . YT = 0.0326 '" (DT) 2 '" H and (1) YS = exp [-3 .068 + 0.957 ln (DS 2 '" H)], (2) where DT and DS are the tree and sapling DBH in centimeters, respectively; H is the total tree or sapling height in meters; and YT and YS are the individual tree and sapling biomass in kilograms, respectively. Aboveground biomass (AGB: kg/m 2 ) was then calculated through Equation (3).
where m is the total tree number in a selected plot (three 100 m 2 subplots in a plot) , and n is the total sapling number in a selected plot (three 9 m 2 subplots in a plot). PA and SPA are the plot areas (in square meters) for tree and sapling measurements. 
Image preprocessing and extraction of TM textures
Accurate geometric rectification and atmospheric calibration are two important aspects in image preprocessing. In this research, Landsat 5 TM data acquired on June 18, 1998 were geometrically rectified using control points taken from topographic maps at 1:100,000 scale. Nearest-neighbor resampling technique was used to resample the original TM image into a pixel size of 30 m by 30 m. A root-mean-square error with less than 0.5 pixels was obtained in rectification. An improved image-based dark object subtraction model was used to calibrate the atmospheric impacts on the TM image spectral responses (Lu et al., 2002b) . The gain and offset for each band, and the sun elevation angle were obtained from the image header file. Taking clear water as a reference, the path radiance was identified for each band. The atmospheric transmittance values for visible and near infrared bands were an average for each spectral band derived from radiative transfer code (Chavez, 1996) . For middle infrared bands, the atmospheric transmittance was set to one. The surface reflectance values after calibration fall within the range between 0 and 1. For the convenience of data analysis, the reflectance values were rescaled to the range between 0 and 100 by multiplying 100 for each pixel value. After image preprocessing, eight GLCM based texture measures (Table 2) , associated with five TM bands (bands TM 2, 3, 4, 5, and 7), and seven different sizes of moving windows (5x5, 7x7, 9x9, 11x11, 15x15, 19x19, and 25x25) were calculated.
Analysis of texture and aboveground biomass relationships
To link biomass content of sample plots with TM textures, a set of procedures was undertaken. A window size of 3 by 3 pixels was used to extract the mean texture value for each plot of successional vegetation and mature forests. Pearson's correlation coefficient was used to analyze the relationships between texture and successional vegetation or mature forest biomass. The correlation coefficient measures the strength of linear relationships between two variables. A higher correlation coefficient implies a stronger linear relationship between these two variables. In this study, biomass and texture values were the main variables analyzed. As a comparison, the relationship between TM spectral signatures and biomass was also analyzed.
RESULTS
Relationships between GLCM textures and successional vegetation biomass Table 3 summarizes the relation-ships between successional vegetation biomass and GLCM textures associated with different window sizes and TM bands. The majority of textures are wea-kly correlated with successional vegetation biomass. Only a few textures (i.e., mean and variance textures) are significantly correlated with biomass. For example, texture mean with band TM 4 and window sizes of 5x5, 7x7, 9x9, and 11x11; texture mean with band TM 5 and 5x5, 7x7, and 9x9; and texture variance with TM 4 and window sizes of 15x15 and 19x19 are significantly correlated with successional vegetation biomass. Their coefficients range from 0.42 to 0.54. In contrast, the TM spectral signatures of all bands are significantly correlated with successional vegetation biomass. The coefficients range from 0.42 to 0.68. Band TM 4 has the highest correlation value. These findings imply that spectral signatures are more effective than textures in successional vegetation biomass estimation. However, selecting a suitable texture, such as texture variance associated with band TM 4 and a window size of 15x15 may be useful for improving the successional vegetation biomass estimation. 
Where V i,j is the value in the cell i, j (row i and column j) of the moving window and N is the number of rows or columns. Relationships between GLCM textures and mature forest biomass Table 4 provides the relationships between mature forest biomass and GLCM textures associated with different window sizes and TM bands. Although most textures are weakly correlated with mature forest biomass, some specific textures are significantly correlated with it. For example, texture variance, contrast, and dissimilarity associated with bands TM 5 or TM 7 and window sizes of 19x19 or 25x25 are significantly correlated with mature forest biomass. Conversely, no TM spectral signatures are significantly correlated with mature forest biomass. This indicates that textures may be critical variables for mature forest biomass estimation. Spectral signatures per se are not sufficient to accurately estimate mature forest biomass. The use of textures or incorporation of textures and spectral signatures is especially necessary to improve the performance of mature forest biomass estimation.
DISCUSSION
This study shows that most textures derived from Landsat TM data are weakly correlated with successional vegetation biomass, but some specific textures are significantly correlated with mature forest biomass. In contrast, TM spectral signatures are significantly correlated with successional vegetation biomass, but weakly correlated with mature forest biomass. The main reason for these findings is the variation in stand structures because optical sensors mainly capture canopy information and associated canopy shadows. In the study area, most successional vegetation stands were less than 10 years old, belonging to initial and intermediate secondary succession. In these stages, the density of saplings and young trees is high, and they account for most of the aboveground biomass (Batistella, 2001; Lu et al., 2003) . There is no clear stratification between canopy and understory layers. Hence, the impacts of canopy shadows on TM reflectance are limited in the successional stages. Textures smooth the differences of the spectral features among different successional vegetation stages, resulting in poor relationships between textures and successional vegetation biomass.
In mature forest, aboveground biomass and vegetation density can vary considerably depending on soil conditions, species composition, and topography at the sites. Large trees occupy the canopy. Trees with DBH larger than 25 cm dominate, and a considerable number of individuals have a DBH of greater than 30 cm. Many tree individuals are taller than 15 m, and some between 20 and 30 m are present, followed by a few scattered emergent individuals with total height of greater than 30 m. The shade content increases because the canopy layer becomes more heterogeneous, reducing the TM reflectance and resulting in reflectance saturation (Lu et al., 2003) . Thus, TM spectral signatures cannot effectively reflect the biomass differences between distinct mature forest sites although their biomass amounts vary significantly. The textures can reduce the shade impacts and more effectively extract the biomass information for mature forest, hence, increasing the correlations between texture and mature forest biomass.
Selection of suitable textures for biomass estimation is still a challenge task because textures vary with the characteristics of the landscape under investigation and images used. Identifying suitable textures often involves the determination of appropriate texture measures, moving window sizes, image bands, and so on (Franklin et al., 1996; Chen et al., 2004) . Not all texture measures can effectively extract biomass information. Even for the same texture measure, selecting an appropriate window size and image band is crucial. A small window size such as 3x3 often exaggerates the difference within the moving windows, increasing the noise content on the texture image. On the other hand, too large window sizes such as 31x31 or larger cannot effectively extract texture information due to smoothing the texture variation. Also, a large window size implies more processing time. In practice, it is still difficult to identify which texture measures, window sizes, and image bands are best suitable for a specific research topic and lack of a guideline on how to select an appropriate texture. For the study area in Rondônia, Brazilian Amazon, texture variance, contrast, and dissimilarity associated with band TM 5 and a 19x19 window size provided the best correlation with mature forest biomass. This implies that an optimal window size associated with an optimal TM band exists for extraction of biomass information in a specific forest stand structure. Caution needs to be taken when textures are used for extracting specific information such as biomass in different sites because they are dependent on the characteristics of the study area and the image data used.
CONCLUSION
This article shows how results obtained for biomass estimation are related to textures and spectral signatures of TM bands. Our findings indicate that textures are more effective in extracting aboveground biomass information for mature forests than for successional vegetation. As part of our research within the LBA program, we intend to test the procedures used in other western and eastern Amazonian sites. If the textures selected by this study are effective for mature forests basin-wide, we may be able to refine aboveground biomass estimations and, consequently, to improve the evaluations of potential carbon emissions that could be released to the atmosphere due to deforestation. Thus, our challenge is to develop complementary remote sensing methods that are effective to capture and monitor the variation of heterogeneous landscapes in the Amazon.
